because of defective ß-cell proliferation (Wang, Moro, Kovacs, Yu, & Melmed, 2003; Wang, Yu, & Melmed, 2001; Yu, Cruz-Soto, Calzi, Hui, & Melmed, 2006) .
Our laboratory showed that pancreatic islets of RasgGrf1 KO mice display a specific transcriptional profile involving significantly reduced expression levels of Pttg1 that are probably linked to a regulatory role of RasGrf1 over the Pttg1 promoter. Furthermore, we have also observed a dominance of Pttg1 over RasGrf1 with regard to the generation of these mouse pancreatic phenotypes, suggesting that RasGrf1 is an important upstream component of signal transduction pathways regulating Pttg1 expression and controlling beta cell development and physiological responses (Manyes et al., 2014) .
A possible functional link between these two proteins can also be suggested in retina and hippocampus, where Pttg1 protein expression is repressed in RasGrf1 knock out (KO) mice in comparison with WT controls (Fernández-Medarde et al., 2007 , 2009 ). The rodent hippocampal system is known to play an important role in spatial learning and memory (Hok, Poucet, Duvelle, Save, & Sargolini, 2016) . A high expression of RasgGrf1 is found in this area that has been linked to processes of long-term memory formation (Barman et al., 2014) , although the exact mechanistic contribution of RasGrf1 to these processes remains unclear. On the one hand, it has been published that RasGrf1 KO mice exhibit long-term potentiation (LTP) defects and associated impairment of amygdale-dependent learning (Brambilla et al., 1997) , whereas more recent studies have rather focused on long-term depression (LTD) defects and impairment of hippocampusdependent learning (Giese et al., 2001; Li, Tian, Hartley, & Feig, 2006) . Pttg1 is expressed in the mouse brain, especially in hippocampus and cerebellum (Lein et al., 2007) . This observation, added to the fact that Pttg1 expression is specifically impaired in the hippocampus of RasGrf1 KO mice, prompted us to analyze a potential mechanistic connection between these two proteins in memory formation processes. For this purpose, we tested in this report the spatial learning and memory of Pttg1, Pttg1-RasGrf1, and RasGrf1 null mice using a Barnes circular maze. Importantly, the protocol used allows measurement of aspects of both reference and working memory within the same test session (Barr, MacLaurin, Semenova, Fish, & Markou, 2007) . It is a visuospatial learning and memory task originally designed for rats and subsequently adapted for mice (Malikowska-Racia, Podkowa, & Sałat, 2018; Sunyer et al., 2007) . The Barnes maze is sensitive to impaired hippocampal function and offers advantages as compared to other maze tasks (Sunyer et al., 2007) . No food deprivation required and it does not show susceptibility to subtle motor deficits that may be magnified in alternative procedures. It has been posited that the Barnes maze is less stressful to mice than water mazes (Rosenfeld & Ferguson, 2014) .
| MATERIAL S AND ME THODS

| Animals
Ninety-eight C57BL/6J mice, weighing 17.0-34.0 g and between 12
and 14 weeks of age where used. Those included 12 male and 11 female WT and 10 male and 9 female Pttg1 KO; 9 male and 6 female WT and 9 male and 5 female RasGrf1-Pttg1 KO; 8 male and 8 female WT and 6 male and 5 female RasGrf1 KO mice. Pttg1 KO mice were kindly supplied by Prof. Melmed (Wang et al., 2001 ). RasGrf1 KO mice were generated as previously described (Font de Mora et al., 2003) . WT littermates for each simple KO were generated by crossbreeding simple KO and WT mice. RasGrf1-Pttg1 double KO mice were generated by crossbreeding simple KO mice and then WT littermates by crossbreeding double KO and WT.
Groups of four animals with the same sex and genotype were housed in type IIL individually ventilated cages, in a temperatureand humidity-controlled room with a 12-hr light/dark cycle (lights on at 8:00, lights off at 20:00), with food (Teklad 2014, Harlan Laboratories) and water available ad libitum. All testing was completed during the light phase. Animal housing and experimen- 
| Handling
Animals were handled daily for a period of 5 days during the preexperimental period to reduce variations in the behavioral test. The week before starting the test handling was performed. Every day at the same hour each mouse was handled during one minute to reduce stress during the behavioral test. The handling was executed by the same researcher who was also going to conduct the behavioral experiment.
| Visual discrimination test
As the performance of the Barnes maze test needs visual cues to be recognized, a visual discrimination test was applied to check mice visual function. The 98 animals were tested after the last handling session of each mouse. As described by Fernández-Medarde et al. (Fernández-Medarde et al., 2009 ), RasGrf1 KO mice may show difficulties to carry out the task because of their retinal photoreception defects. In contrast, retinas of Pttg1 KO mice up to 9 months of age have a healthy morphology and normal photoreceptor function (Yetemian & Craft, 2011) .
A plastic cover with four different areas (white, stripped, checked, and black) adapted to the Barnes maze platform (Figure 1 ).
Each animal was placed for 5′ in the four divided area table. Mice were placed one by one in the middle of the platform covered with an opaque box for 10 s. Then, lights were turned on (3,000 lux) and the mouse was released to explore the table during 5 min. The % of time spent on each area was measured and how the animal passed from one area to the next. The amount of time spent in each area was measured in seconds and determined individually for each mouse and session by the researcher during mouse performance.
The seconds were translated into %, being the total time spent on the plastic cover equal to 100%.
| Behavioral experiment
Learning and memory was evaluated as described by Barr, MacLaurin, Semenova, Fish & Markou (2007) . The Barnes maze setup is shown in Figure 2 . The Barnes maze was a grey nonreflective circular base plate (91 cm diameter) with 20 holes (5 cm) and an escape box under a hole (Stoelting Europe). As cues, red tape was used (Figure 2 ). Cue density was low to moderate, consistent with previous rodent studies (Sawada et al., 2005) . To reduce intra-maze odor cues, the maze surface and all the holes were cleaned with 70% ethanol between each session.
Briefly, each mouse was tested during 42 days, dividing the data collection in four phases (Table 1 ). The task yields measures of the parameters which are presented in Table 2 . From the combination of timepoint and parameter abbreviations the variable names are obtained. Working memory errors were those in which the mouse returned to a hole it had previously explored. Perseverations represented repeated sequential explorations of a hole (other than the target) or two adjacent holes. Search strategies for each mouse's daily session were classified as the percentage of time spent using one of three defined categories: (a) random search strategy: localized hole searches separated by crossings through the center; (b) serial search strategy: systematic hole searches in clockwise or counterclockwise direction; or (c) spatial search strategy: reaching the escape tunnel with both error and distance scores of less than or equal to 3. The amount of time spent using each search strategy was measured in seconds and determined individually for each mouse and session by the researcher using the video recordings. The seconds were translated into %, being the total time to scape equal to 100%. Tables 3 and 5 are a combination of one parameter (Table 2 ) and one timepoint (Table 1) .
Variable abbreviations in
F I G U R E 1 Plastic cover with four different areas adapted to
the Barnes maze platform to analyze the mice visual discrimination capacity F I G U R E 2 Barnes maze installation. 1. Barnes maze Table 2 . Lights at the required high to achieve 3000 lux (lumen/m 2 ) on the 
| Statistical analysis
In the visual discrimination test, KO mice results were compared to the correspondent WT using T-test. The data were analyzed for normality by assessing the sample distribution or skewness (−1.5 to +1.5 considered normally distributed). Data were analyzed by Friedman's ANOVA, with genotype sex as a between-subjects factor and time as a within-subject factor.
Wilcoxon signed-rank test was used as post hoc test. Kruskal-Wallis test was used to analyze significant differences between groups during a timepoint. A significance level of p < 0.05 was regarded as statistically significant. All analyses were performed with SPSS program (SPSS, RRID:SCR_002865).
| RE SULTS
| Visual discrimination test
In order to be sure that the mice had no visual problems, mice went through an easy experiment of black and white visual discrimination. All mice showed a clear preference for the total black and/or the black and white checker areas (Figure 3 ). When they explored the limit between two areas for the first time, all of them were cautious and tried to cross slowly. No differences in the performance between neither mice phenotypes nor sex were observed.
| Principal component analysis
In order to start the analysis of the large amount of data recorded during the Barnes maze test, it is critical to use statistics that include multivariate analysis to select the most significant among them. This way it is possible to reduce the set of variables to explain the data variability. To do this it is used (PCA), as a first step, although not in the classical way to interpret the principal components but to select a subset of variables. The aim is getting the most relevant variables considering the contribution of each variable to each principal component, through a contribution index; hence, the number of variables is reduced .
| Contribution index
The final selection of the variables took into account the CI obtained based on the studied mice group (Pttg1, Pttg1-RasGrf1, and Rasgrf1).
These CI are standardized between 0 and 1, and the addition of three, named total CI, is 3 at the most. The variables that obtained the highest scores in every mice group analyzed were those related to the total time (t_MR total CI = 2.7422 and t_T2 total CI = 2.7149), the working memory errors (WE_T1 total CI = 2.8578 and WE_MR total CI = 2.7365), the number of holes explored (nH_MR total CI = 2.8661; nH_T2 total CI = 2.7996; nH_RL total CI = 2.7638; and nH_T1 total CI = 2.7270), and the spatial search strategy (SPAS_T2 total CI = 2.8873 and SPAS_MR total CI = 2.6609).
Total time needed to finish the task gives information of the learning level achieved and its quality. TA B L E 2 Parameters collected on each session random search, which was only used in T1 although some mice returned to it in RL. The best performance would be a small amount of total time, no working errors, a number of holes explored equal to or lower than 3, and 100% of time applying spatial search strategy.
| Total time
No significant differences were found between the WT and the KO RasGrf1 or RasGrf1-Pttg1 males and females (Table 4) . Total time spent by Pttg1 mice showed significant differences between periods for each group (Table 3) , but also between groups in T2 (Table 4) .
In Figure 4 , it can be observed that Pttg1 WT groups used less amount of time to finish the task than Pttg1 KO groups, especially females. Only Pttg1 groups showed significant differences between phases in the same mice group (Table 5) .
| Working memory errors
No significant differences were found between the WT and the KO RasGrf1 or RasGrf1-Pttg1 males and females in Kruskal-Wallis test.
Pttg1 mice showed significant differences between groups in T1, but at this initial phase of the behavioral experiment, it cannot be interpreted as a defect in learning (Table 4) . Three Pttg1 and the two RasGrf1 WT mice groups showed significant differences between T1 and other phases in the same mice group (Table 5) . The data showed a general decrease in all mice of the number of WE made during the development of the task. No significant differences were found between the WT and the KO RasGrf1 or RasGrf1-Pttg1 males and females.
| Number of holes explored
Wilcoxon test showed that almost every group of mice performed differently in each phase (Table 5) . As in the two previous parameters analyzed, no significant differences were found between the WT and the KO RasGrf1 or RasGrf1-Pttg1males and females. By contrast, Pttg1 mice showed significant differences between groups in RL (Table 4) .
In Figure 5 , it can be observed that Pttg1 KO groups explored fewer holes than WT in RL phase. A deep analysis of the performance of these mice pointed out that KO groups never learned where the escape hole was, so when turning it 180º degrees from its initial position, these KO mice kept their number of holes explored unchanged while WT groups augmented the number.
| Spatial search strategy
This parameter presented opposed results than the test measuring the number of holes explored, and no significant differences were found between phases in any mice group (Table 5) . Nevertheless, Pttg1 null mice showed differences in this parameter at RL and RasGrf1-Pttg1 at T2 (Table 4) . TA B L E 3 Friedman test on the selected parameters with genotype gender as factor In Figure 6a , it can be perceived that all mice groups used spatial search strategy but the significant differences in RasGrf1 mice groups show that KO groups used more this strategy than WT, pointing towards a better spatial learning. Results in Figure 6b are consistent with Figure 4 , Pttg1 KO groups used more spatial strategy than WT, so a smaller number of holes were explored even if they never memorized where the hole was.
| D ISCUSS I ON
Our data regarding RasGrf1 KO mice match those of d 'Isa et al. (2011) , which after years of controversy, demonstrated that RasGrf1 KO mice have no spatial memory defects (Table 6 ), but impaired contextual fear conditioning. In particular, the report of d 'Isa et al. (2011) . used the GENA53 mouse line, in which a nonsense mutation 
TA B L E 4 Kruskal-Wallis test with the categories of the selected variables as factors
F I G U R E 3 Bar graph representing the time (% of time) spent in each area (types of area: white, black, checked, and stripped) by the mice depending on the genotype during the visual discrimination test. Error bars represent the SEM was introduced in the RasGrf1 coding region without additional changes in the genome and explained the different spatial learning phenotype found between Giese et al. (2001) and Brambilla et al. (1997) mouse lines, as potentially attributable to genomic alterations produced as a consequence of the different position of the mutation within the RasGrf1 locus or the insertion of the neomycin resistance cassette. It is pertinent to mention in this regard that the targeting strategy used for our KO mice strains is similar to that used by Giese et al. (2001) or Brambilla et al. (1997) but the use of a less stressing/fear producing methodology may account for the discrepancies with the data published by those groups and the Regarding the Pttg1 mice (Table 6) , it should be taken into account that a relation between insulin and spatial learning was previously described (Muller et al., 2011) and it was also established that starved, 3-month-old Pttg1 KO male mice, but not Pttg1 KO female mice, have a 50% reduction in insulin levels (Wang et al., 2003) . Furthermore, blockade of NMDA receptors leads to impairment of neuronal plasticity (Collingridge & Bliss, 1995) and it is also known that insulin-dependent phosphorylation of NR2A and NR2B subunits modulates NMDA activation (Christie, Wenthold, & Monaghan, 1999) . This difference between Pttg1 KO males and females (that show an increased insulin sensibility) could account, at least in part, for the differences of task performance observed in the Barnes maze between Pttg1 KO male and female groups (Wang et al., 2003) .
Regarding their performance in the Barnes maze ( Pttg1 single KO mice showed impaired spatial behavior compared to WT, suggesting a defect in one or more hippocampal functions. The depletion of Pttg1 could be causing developmental problems in this organ or, alternatively, the absence of some of the Pttg1 noncanonical functions might be causing synaptic plasticity defects leading to impaired spatial memory. 
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